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The complex absorbing potential (CAP)/symmetry-adapted cluster-configuration interaction (SAC-CI)
method is applied to low-lying p⁄ resonance states of molecules containing one or two cyano (CN)
groups. Benchmark calculations are carried out comparing the non-variational and approximate varia-
tional approach of SAC-CI and studying the selection threshold of operators. Experimental resonance
positions from electron transmission spectroscopy (ETS) are reproduced provided the anticipated devia-
tions due to vibronic effects are taken into account. Moreover, the calculated positions and widths agree
well with those obtained in previous electron scattering calculations for HCN, CH3CN and their isonitriles.
Based on our results, we suggest a reassignment of the experimental ETS of fumaronitrile and malonon-
itrile. Our present results demonstrate again that the CAP/SAC-CI method reliably predicts low-lying p⁄
resonances, and regarding the total numbers of molecules and resonances investigated, it is fair to say
that it is presently the most extensively used high-level method in the temporary anion field.
 2016 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
The cyano group (C„N) has electron withdrawing properties
like halogens, however, in contrast to halogens this property is
caused by its p conjugation, which makes for very different elec-
tronic properties. Two or more conjugated CN groups in a molecule
can give rise to the existence of a strongly bound anion. Molecules
like this show electronic properties which can be utilized as accep-
tors in organic conductors; examples are tetracyanoethylene
(TCNE) and tetracyanoquinodimethane (TCNQ). On the other hand,
a CN-containing molecule will also possess unoccupied p⁄ orbitals
whose occupation does not lead to stable but rather to metastable
or so-called temporary anions. Temporary anions, or in general res-
onance states, are characterized by an energy, Er, above the neutral
molecule and by a width, C, which is inversely related to the life-
time of the state, s ¼ h=C. Temporary anion states may always be
expected if there is only one CN group, if several CN groups are
unconjugated, and for conjugated CN groups from higher lying p⁄orbitals. In other words, p⁄ resonances will always exist, regardless
of whether a nitrile or isonitrile forms a stable anion states or not,
and–depending on circumstances–the metastable states will play
their role in electron-capture, in electron-induced reactions, or res-
onance-assisted electron hopping process.
For a series of CN-group containing molecules, Burrow and Jor-
dan et al. reported comprehensive electron transmission spec-
troscopy (ETS) data as well as assignments based on molecular
orbital (MO) calculations (Hartree-Fock (HF)/3-21G) [1]. Specifi-
cally, resonance states of HCN, CH3CN, malononitrile, CH2(CN)2,
acrylonitrile (CH2 = CHCN), fumaronitrile (trans-dicyanoethylene),
TCNE, benzonitrile, and TCNQ were characterized, and emphasis
was placed on through—bond interactions between cyano groups.
Moreover, the shape resonances of HCN and CH3CNmolecules have
been intensively investigated by electron scattering calculations
using the R-matrix method [2,3]. In these studies, higher-lying res-
onance states as well as temporary states of isocyanide isomers
(HNC and CH3NC) were also investigated. In the R-matrix calcula-
tions complete-active space-configuration interaction (CAS-CI)
wavefunctions were used for HCN and HNC [2] and in the CI for
the respective anions only one electron was allowed outside the
CAS space. For CH3CN and CH3NC a HF ground state was used [3]
and the CI for the respective anions was constructed from all
2p1h configurations, which is in the scattering literature referred
to as static-exchange plus polarization (SEP) approximation. Note,
Fig. 1. Nitriles and isonitriles studied in the present work. Below the molecules the
electronic states of the investigated resonances are listed.
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anion wavefunctions describe only a small part of the dynamic cor-
relation. If a balanced description including dynamic correlation is
desired in a CI context, one needs to perform a singles-and-doubles
CI for the closed-shell neutral and a multi-reference-CI for the
anion based on all singles and doubles on all 1p configurations
[4–6], that is, the anion configuration space consists of all 1p,
2p1h, and 3p2h configurations, a configuration space far beyond
SEP. In contrast, SAC-CI and the equivalent EOM-CC reach the same
level of correlation by taking explicitly into account the physical 1p
and 2p1h configurations only; the unphysical 3p2h configurations
are taken implicitly into account [6]. The potential energy surfaces
of the resonance states and dissociation channels of HCN and HNC
were also investigated [7]. However, to the best of our knowledge,
there have been no systematic theoretical studies of the energies
and lifetimes of p⁄ resonances associated with CN-groups with
electronic structure methods, which treat dynamic electron corre-
lation beyond second-order perturbation theory, and for the larger
molecules, malononitrile, acrylonitrile and fumaronitrile no theory
beyond the MO assignments of Burrow and Jordan seems to exist,
that is, these lifetimes have so far been unknown.
There are several theoretical approaches for computing the
energy and lifetime of resonance states of molecular anions;
well-known methods include outright electron scattering methods
[8–10], the CAP approach [4,11,12], the Hazi-Taylor stabilization
method [4,13], extrapolation methods in the form of the analytic
continuation of the coupling constant method and its variants
[14,15], and the method of complex basis functions [16–18]. Here
a CAP is employed, and we focus on the CAP method. Each theoret-
ical method aiming at computing resonances must somehow sep-
arate the resonance state from its embedding continuum or, in a
finite basis set calculation, discretized continuum. A CAP performs
this task by rotating the continuum into the complex plane where
the resonance can be found as an isolated eigenvalue, while at the
same time changing the boundary condition for resonance states
from outgoing-wave to bound state (square integrable) [11]. As
the resonance is normally not the lowest state in a calculation,
and several discretized continuum states are energetically below
it, a multi-root electronic structure method is necessary. This
requirement naturally limits the applicable electronic structure
theories to, for example, HF in the sense of Koopmans’s theorem,
configuration interaction, Green’s function, or equation-of-motion
type approaches. The CAP method has been incorporated with
multi-reference configuration interaction calculations [4,19–22],
Green’s function methods [23,24], and coupled cluster [25–30] as
well as related orbital theories [31,32]. Applications of these meth-
ods have been performed for a number of metastable systems
ranging from electron attachment (for recent examples see [33–
35]) and ionization, to interatomic/intermolecular Coulombic
decay [36].
Here the CAP is used in combination with the symmetry-
adapted cluster-configuration interaction (SAC-CI) theory [37,38]
(CAP/SAC-CI) [25]. For applying the method to larger molecules
in high-throughput calculations, the present CAP/SAC-CI method
employs a projection scheme, that is, the CAP Hamiltonian is pro-
jected into a set of real SAC-CI vectors [25]. In a first pilot applica-
tion [25], a rectangular soft-box potential [23], which was
frequently used as a CAP in the past, was adopted. More recently,
we introduced two types of soft-box Voronoi potentials as CAPs
[39,40], which have advantages in that they have the same space
symmetry as the investigated molecule and wrap by construction
around any complex molecular structures such as side chains of
molecules or distantly placed monomers of clusters.
In a series of works, we have demonstrated that the projected
CAP/SAC-CI method with a soft-box smooth Voronoi potential is
a highly useful protocol to investigated p⁄ resonances of moleculesPlease cite this article in press as: M. Ehara et al., Chem. Phys. (2016), http://d[25,26,34,39,40]. The method gave reliable results of both reso-
nance position and widths of compounds with simple double-
bonds, five- and six-membered ring heteroaromatic compounds,
as well as standard and rare DNA and RNA bases. Note that these
studies included not only the lowest, but typically p⁄ resonances
up to five or six eV. Generally, the calculated resonance positions
are in excellent agreement with the ETS values and reproduce
the trend of substitution effects. Moreover, the calculated reso-
nance widths also agree well with those from electron scattering
calculations using the R-matrix method and wavefunctions beyond
the static exchange level whenever they are available [41–43].
In this work, we apply the projected CAP/SAC-CI method to
temporary anions originating from the occupation of low-lying
p⁄ orbitals in a series of CN-molecules, namely, HCN, HNC, CH3CN,
CH3NC, acrylonitrile (CH2@CHCN), fumaronitrile (NCCH@CHCN),
and malononitrile (NCACH2ACN) as shown in Fig. 1. Beyond the
study of these systems, two methodological issues are investi-
gated. First, in the SAC-CI calculations, non-variational (NV) and
approximate variational (V) schemes are compared, and, second,
benchmark calculations regarding the perturbation selection
threshold for linear operators in the SAC-CI step were also system-
atically carried out. In the following, we briefly outline the pro-
jected CAP/SAC-CI theory and the specific computational details,
and then discuss our results and compare them to ETS data as well
as to electron scattering calculations when available.
2. Theory
In order to establish some notation, the CAP method in general
and the projected CAP/SAC-CI method specifically are briefly sum-
marized. A CAP calculation provides the complex Siegert energy of
a resonance [44,45],
Eres ¼ Er  iC=2; ð1Þ
where Er and C, are the resonance position and width, respectively.
To locate this resonance, a CAP, iW , is added to the physical
Hamiltonian, H, yielding a non-Hermitian, complex-symmetric
Hamiltonian
HðgÞ ¼ H  igW; ð2Þ
where g is a strength parameter [46]. In this work, a soft-box
smooth Voronoi CAP is used, which wraps around the molecule like
a van der Waals cavity [40]. The resonance energy, Eres, is obtained
from one of the g-trajectories of the eigenvalues of HðgÞ. The eigen-
value representing the resonance typically shows a pronounced sta-
bilization (cusp, kink, or other kind of slowing-down behavior)
where its g-velocity shows a minimum [46]. In addition to the tra-
jectories themselves, one can also correct by a first-order scheme
for artifacts caused by the CAP [11,12], and we examined both the
uncorrected trajectories, EðgÞ, and the corrected trajectories,
EðgÞ  dEðgÞ=d lng, however, only the corrected resonance energies
are reported in the main text of the paper, while the uncorrected
values are reported in the Supporting Information. Note that thex.doi.org/10.1016/j.chemphys.2016.09.033
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sponds to the minimum of the absolute value of the derivative of
the complex eigenvalue with respect to lng, whereas the minimum
of the speed of the corrected trajectories corresponds to the mini-
mum of the curvature of the uncorrected trajectories [23].
In the context of temporary anions, we adopted the projected
CAP/SAC-CI method [25], which has advantages for large systems
due to its high throughput character. The projected CAP/SAC-CI
starts from the standard electron-attachment (EA) SAC-CI method
[38]. The wavefunction of an (N + 1)-electron system is represented
by
WSACCIl

E
¼ RðNþ1Þl WSACg

E
; ð3Þ
where WSACg

E
¼ expðPICISyI Þ U0j i is the N-electron ground state SAC
wavefunction and RðNþ1Þl is a linear combination of the electron-
attachment operators. The SyI operators are the unphysical excita-
tion operators applied to the closed-shell Hartree-Fock U0j i. For
temporary anions of closed-shell systems, that is shape-resonances,
electron-attachment can be well described by one-electron opera-
tors and therefore, one can use the SAC-CI SD-R method [38], in
which the excitation operators are limited up to singles and dou-
bles. The higher-order operators, for example, linear 3p2h opera-
tors, would be necessary for describing Feshbach resonances.
The SAC-CI equation can be written as an equation-of-motion
formula [47,48]
½H;RðNþ1Þl  WSACg

E
¼ DERðNþ1Þl WSACg

E
ð4Þ
where DE is an electron-attachment energy, in the present case
DE ¼ ESACCIl  ESACg . Projecting this equation to the space of
U0h jRKeS, where fRKg are the set of electron-attachment operators,
one obtains the working equations,
U0h jRKeS½H;RðNþ1Þl eS U0j i ¼ DE U0h jRKRðNþ1Þl U0j i: ð5Þ
This is the SAC-CI NV (non-variational) equation for the electron-
attached states. In addition, we also adopted the SAC-CI-V (varia-
tional) approximation, where the SAC-CI vectors were obtained
from an approximate, symmetrized SAC-CI matrix (SAC-CI-V). The
SAC-CI-V is usually a good approximation to the non-symmetric
SAC-CI-NVapproach as examined in the previouswork [25]. In addi-
tion, in a projected method [25,26] the CAP Hamiltonian as defined
in Eq. (2) is expanded within a small subset of SAC-CI eigenvectors
analogous to the projected CAP/CI method [21].
In the CAP approach, the crucial factor is, of course, the CAP. For
simple system like linear molecules or any other molecule that fits
well into a rectangular box, the soft-box potential [46] works well.
However, for molecules with three or fivefold axes and for less
symmetrical systems such as molecules with side chains or molec-
ular clusters it is less straightforward to choose a box. To overcome
this problem, we introduced two types of soft-box Voronoi poten-
tials [39,40], that is, the radial dependence is still a cut off quadra-
tic just as in the soft-box case, however, the angular dependence
follows a Voronoi surface around the molecule similar to a van
der Waals surface. In this work, we specifically use the smooth
Voronoi-CAP, that avoids discontinuities at the boundaries
between Voronoi cells [40]. The Voronoi-CAP has by construction
the spatial symmetry of the molecular system, and, more impor-
tantly, can treat large molecules with asymmetric side chains
and even molecular clusters without leaving any ‘‘dead space”
between the sidechains or monomers, that is, space, which is both,
poorly described by the atom centered basis set and not in the
absorbing region of the CAP. Last, Voronoi CAPs use only one cutoff
parameter, that is, the distance where the CAP is switched on [40].
A disadvantage is that the integrals of Voronoi CAPs must bePlease cite this article in press as: M. Ehara et al., Chem. Phys. (2016), http://dcomputed numerically. A similar CAP was also adopted in the field
ionization problem [49,50]. For details, readers are referred to the
original articles [39,40].
3. Computational details
In CAP calculations, a sufficiently large number of diffuse func-
tions needs to be included for obtaining a satisfactory stabilization
of the g-trajectory of the resonance state. In the present calcula-
tions, Dunning’s cc-pVTZ valence set [51] was used and augmented
with a [2s5p2d] set of diffuse functions on carbon and nitrogen.
The exponents of these diffuse functions have been chosen fairly
close, so that an outgoing wave can be represented, yet not too
close to avoid near-linear-dependency. Our [2s5p2d] set is a
well-tested set fulfilling these criteria. The associated ratios for
the diffuse functions are 1.5 for the 5p sets on C and N atoms,
and 2 for both the s and d functions. For each atom the scaling pro-
cedure starts with the exponent of the outermost orbital in the
respective valence cc-pVTZ basis set. With this basis set, the total
number of basis functions ranged from 128 for HCN and HNC, over
213 for CH3CN and CH3NC, and 270 for acrylonitrile, to 370 for
fumaronitrile, and finally 313 for malonnonitrile. Resonance ener-
gies were calculated as vertical transitions at the geometry of the
neutral molecule, which was optimized with the B3LYP [52]/cc-
pVTZ [51] method.
The electron-attachment (EA) SAC-CI SD-R calculations were
performed with the direct algorithm [53,54], where all the product
terms are included. To reduce the computational cost, we
employed the perturbation selection procedure for both R and S
double excitation/electron-attachment operators [55]. In the pre-
sent work, the projected CAP/SAC-CI calculations were carried
out in both NV and V scheme. The benchmark calculations with
respect to energy threshold for selecting operators were also done;
namely, ‘‘LevelThree” (Lv3) to ‘‘LevelFive” (Lv5) accuracy with the
energy thresholds of kg ¼ 1 106ðLv3Þ  1 107ðLv5Þ and
ke ¼ 1 107ðLv3Þ  1 108ðLv5Þ [54]. In the case of fumaroni-
trile and malonitrile, Lv3 accuracy was adopted. The SAC-CI dimen-
sions for each molecules are summarized in Table 1. Recently, we
also performed benchmarks for the standard SAC-CI SD-R calcula-
tions regarding the level of operator selection [54].
The results depend on the selection of the CAP potential. The
dependence of the cutoff parameter of the smooth Voronoi poten-
tial on the resonance energy and width was intensively examined
for the double bond and heteroaromatic molecules [26,40]. When
using the corrected trajectory, the results for 6 molecules and 10
resonance states were converged within about 0.01 eV for both
resonance position and width comparing the values with the cutoff
parameter of 3.0 and 4.0 Bohr, except for a few specific states as
shown in Ref. [26]. The similar trends were observed for N2 and
H2CO and molecular cluster of N2 and waters [40]. Based on these
calculations, in the present work, we adopted a cutoff parameter,
which is the distance between any nucleus of the molecule and
the onset of the CAP, of 4.0 Bohr, a value that was also used for
the calculations of DNA and RNA bases [34].
The SAC/EA-SAC-CI and projected CAP/SAC-CI calculations were
carried out using the Gaussian09 suite of programs, Revision B.01
with some modifications for the calculations of resonance states
[56].
4. Results
4.1. Hydrogen cyanide and isocyanide
HCN is isoelectronic with N2 and its 2P resonance state has
been thoroughly studied [1,2,57]. The results of the projectedx.doi.org/10.1016/j.chemphys.2016.09.033
Table 1
SAC/SAC-CI dimensions for HCN, CH3CN, and acrylonitrile with cc-pVTZ + diffuse [2s5p2d].
HCN CH3CN Acrylonitrile
SAC SAC-CI SAC SAC-CI SAC SAC-CI
R(A1) P(B1) A1(A’) E(A‘‘) A’ A’ A‘‘
Lv3 19,357 12,204 66,908 54,812 126,679 66,454 109,272
Lv4 23,338 13,710 98,562 69,595 214,976 96,013 141,407
Lv5 31,532 16,125 195,330 104,279 523,521 181,300 213,385
Full 49,688 18,331 660,235 155,627 1,676,202 342,920 302,494
Table 2
Resonance position and width (eV) of the 2P resonance state of HCN. In the projected CAP/SAC-CI calculations a smooth Voronoi potential was used, and corrected resonance
energies are reported.
Level NV V
Er C Er C
CAP/SAC-CI Lv3 2.51 1.10 2.52 1.12
Lv4 2.51 1.09 2.51 1.14
Lv5 2.52 1.10 2.52 1.16
Full 2.53 1.09 2.52 1.15
Expt.a 2.28
R-matrix (2007) b 6-31G⁄ 3.14 1.59
6-311G 2.84 1.49
6-31G + NO c 2.79 1.22
R-matrix (1985)d 2.56–2.80 1.78–2.40
a Ref. [1].
b Ref. [2], CAS-CI for the target states, close-coupling expansion = at most one electron outside the CAS space.
c Orbitals obtained using separate treatment of virtual and continuum state [2].
d Ref. [57].
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thresholds are summarized in Table 2. Let us reiterate that the
NV scheme is more accurate than the approximated V calculations.
However, regarding perturbation selection, this molecule is not the
best of all examples, because for this small molecule the SAC/SAC-
CI dimensions of Lv3-Lv5 calculations are not significantly different
(Table 1), and therefore all these levels provided nearly converged
results. NV calculations gave 2.51–2.53 eV for the resonance posi-
tion and 1.09–1.10 eV for the width, which are compared to the
experimental value of 2.28 eV [1]. A small part of the deviation
of 0.23–0.25 eV from the ETS value can be attributed to one and
many particle basis set effects, while the largest part is probably
due to vibrational effects [25]. The cc-pVTZ basis set with diffuse
[2s5p2d] functions can be assumed to give nearly converged
results with respect to the one particle basis sets: Previously, the
effect of higher-order basis set estimated with the cc-pVQZ was
found to be less than 0.03 eV for the isoelectonic molecule of
H2CO [25]. However, it is of course unclear how well the many par-
ticle basis set is converged, that would require by orders of magni-
tude more demanding calculations. The approximate V calculation
gave a nearly identical resonance position of 2.51–2.52 eV with the
width being 1.12–1.16 eV. However, in comparison with all other
resonance states considered here, HCN is—for some reason—the
worst case scenario regarding the stabilization of its g-trajectories,
possibly due to the large resonance width. Therefore, the small
changes between the different levels should not be over-inter-
preted, but one may think of all CAP/SAC-CI calculations for HCN
to essentially agreeing with one another.
Previously, R-matrix calculations using the CAS-CI method for
valence electronic structure, have been performed and the reso-
nance position and width were calculated in the range 2.72–
3.14 eV and 1.22–1.59 eV depending on the basis set, which have
unfortunately at best double-f plus polarization or triple-fwithout
polarization quality [2]. The agreement with the present results in
both position and width is astonishingly good considering the
vastly different character of the two approaches: in the R-matrix
and CAP/SAC-CI calculations neither the molecular geometries,Please cite this article in press as: M. Ehara et al., Chem. Phys. (2016), http://dnor the one-particle basis sets, nor the electron-correlation
method, nor the way the continuum is handled are consistent.
Another electron scattering calculation based upon the closed-cou-
pling method gave 2.56–2.80 and 1.78–2.40 eV for the resonance
position and width, respectively [57,58]: the resonance width
seems to be overestimated there as pointed out in reference [2].
The results of hydrogen isocyanide (HNC) are summarized in
Table 3 with those of the R-matrix calculations [2]. An experimen-
tal value is—unfortunately—unavailable. The ground state of neu-
tral HNC was calculated at 0.62 eV above neutral HCN by B3LYP/
cc-pVTZ compared to the more accurate value 0.65 eV obtained
by van Mourik et al. [59]. The resonance position was found
slightly higher than that of HCN at 2.77 eV.
In comparison with the R-matrix results [2], our calculations
show a different trend regarding the order of the resonance posi-
tions of HCN and HNC. Whereas the R-matrix calculations in 6-
31G + NO scheme using separate treatment of virtual and contin-
uum state, predict the HCN p⁄ resonance position to be roughly
0.3 eV higher in energy, the CAP/SAC-CI calculation predict it to
be 0.25 eV lower. Note, however, that this trend is basis-set depen-
dent: using 6-311G, the R-matrix calculations gave a higher reso-
nance position in HCN than that of HNC as listed in Tables 1 and
2. Thus, a new experiment comparing the trend of Er for HCN vs
HNC would be valuable to shed light on this issue. On the other
hand, the resonance width calculated as 0.51 eV is close to that
of R-matrix calculation of 0.67 eV. Again the effect of perturbation
selection of the operator in SAC-CI is trivial; namely, both the res-
onance position and width deviate from the full calculation by only
0.01–0.03 eV in the CAP/SAC-CI NV calculations.
4.2. Acetonitrile and isonitrile
Acetonitrile, or methylcyanide, is a derivative of HCN where a
methyl group replaces the H atom. Either due to the inductive
effect or due to hyper-conjugation of a methyl group, one would
expect the resonance state to be destabilized compared to that of
HCN as is generally found in other systems, for example, HCHOx.doi.org/10.1016/j.chemphys.2016.09.033
Table 3
Resonance position and width (eV) of the 2P resonance states of HNC. In the projected CAP/SAC-CI calculations a smooth Voronoi potential was used, and corrected resonance
energies are reported.
Level NV V
Er C Er C
CAP/SAC-CI Lv3 2.76 0.51 2.72 0.51
Lv4 2.74 0.53 2.72 0.51
Lv5 2.75 0.52 2.73 0.51
Full 2.77 0.51 2.74 0.51
R-matrix (2007) a 6-31G⁄ 3.03 1.10
6-311G 2.90 1.06
6-31G + NOb 2.43 0.67
a Ref. [2], CAS-CI for the target states, close-coupling expansion = at most one electron outside the CAS space.
b Orbitals obtained using separate treatment of virtual and continuum state [2].
Table 4
Resonance position and width (eV) of the 2E resonance states of CH3CN. In the projected CAP/SAC-CI calculations a smooth Voronoi potential was used, and corrected resonance
energies are reported.
Level NV V
Er C Er C
CAP/SAC-CI Lv3 3.30 0.35 3.26 0.35
Lv4 3.29 0.35 3.25 0.34
Lv5 3.30 0.34 3.26 0.34
Full 3.32 0.34 3.28 0.34
Expt.a 2.84
R-matrix (2015) b 2.38 0.39
a Ref. [1].
b Ref. [3], Hartree-Fock target state, cc-pVTZ basis, SEP = 2p1h CI.
M. Ehara et al. / Chemical Physics xxx (2016) xxx–xxx 5vs CH3CHO. In the present calculations, however, the resonance
position and width for CH3CN were found to be 3.32 and 0.34 eV,
respectively, by the CAP/SAC-CI-NV, that is, Er was as expected
higher, but C was against expectations lower. Clearly, methyl sub-
stitution can be ‘‘stabilizing” in the sense of increasing the lifetime
of a p⁄ resonance.
The difference between NV and V schemes is as small as 0.04 eV
for the resonance position and the width is nearly the same
(Table 4). The uncorrected trajectory is also very clear with the res-
onance energy and width as 3.37 and 0.37 eV, respectively, by the
NV calculations (Supporting Information). These values are com-
pared to the experimental value of the resonance position,
2.84 eV [1]. The SAC and SAC-CI dimensions are 30% and 67% in
Lv5 compared to the full calculations (Table 1). Considering the
accuracy of the resonance position, Lv3-Lv5 gave almost the con-
verged results.
The R-matrix method gave the resonance position of 2.38 eV
and the width 0.39 eV [3]. The relative stability of the resonance
position between HCN and CH3CN was reproduced by the CAP/
SAC-CI calculations: The p⁄-resonance state of CH3CN was calcu-
lated to be destabilized by about 0.8 eV (expt. 0.6 eV) with respect
to that of HCN, while the R-matrix calculations predict a stabiliza-
tion by 0.35 eV. On the other hand, the R-matrix calculations were
able to predict two higher lying A1 resonances at 6.3 and 9.0 eV
[3]. The present CAP calculations are in the first place projected
(thirty states were used for CH3CN) and second have single and
double substitutions in the excitation operators. Thus, the method
is most suitable for low-lying shape-type resonances that can be
described by so-called one-particle configurations. Higher energy
states, which will have less one-particle character will be less accu-
rately described.
The results of CH3NC are listed in Table 5 together with those of
the R-matrix calculations [3]. The ground state of this molecule
was located at 1.02 eV above that of CH3CN. The resonance position
and width were calculated as 3.09 and 1.00 eV, respectively, by the
CAP/SAC-CI. While neutral CH3NC is less stable than CH3NC, thePlease cite this article in press as: M. Ehara et al., Chem. Phys. (2016), http://delectron attachment energy of CH3NC is predicted to be lower than
that of CH3CN.
The trends between the resonances of the four molecules, HCN,
HNC, CH3NC, and CH3NC are not simple, and we cannot offer a
straightforward explanation. While methyl substitution tends to
increase resonance positions, and both cyanides and isocyanides
do follow this rule, note that there are exceptions even from this
rule (e.g. the third resonance of cytosine/methyl-cytosine). More-
over, the trends regarding position and width are exactly reversed
upon methyl substitution. The only conserved property after
methyl substitution is that the resonance with the somewhat
lower position has a considerably larger width, which may seem
at first counterintuitive, but there are again many known examples
(say, the d-wave p⁄ resonances of C2H4 and N2 which have posi-
tions of 1.8 and 2.3 eV and widths of 0.7 and 0.4 eV). The only thing
being clear is that resonances of all four molecules, HCN, HNC,
CH3CN, and CH3NC, will essentially be dominated by a mixture of
p and d-wave scattering, and that differences in the widths may
simply indicate somewhat more d-character in the narrower reso-
nances. There is no easy answer as to how exactly this happens,
because loosely speaking one would need to know—at the many-
body level—how the height and width of the barrier the excess
electron is trapped behind is effected by the difference between
nitriles and isonitriles as well as by hyper-conjugation with the
methyl group.
The R-matrix calculations give broadly a similar, but in detail a
different trend. However, the R-matrix calculations are unsuitable
for a direct comparison regarding methyl substitution, as the target
wavefunction, the CI expansions of the anions, and the one particle
basis sets are not identical. Presently, the CAP/SAC-CI results are
the only consistent calculations for all four molecules.
Last, the effect of the perturbation selection of the operators
was again small within 0.05 and 0.01 eV for the resonance position
and width, respectively. The approximate SAC-CI-V calculation
gave a slightly lower resonance position by 0.04 eV, while the res-
onance widths for both SAC-CI NV and V are almost identical.x.doi.org/10.1016/j.chemphys.2016.09.033
Table 5
Resonance position and width (eV) of the 2E resonance states of CH3NC. In the projected CAP/SAC-CI calculations a smooth Voronoi potential was used, and corrected resonance
energies are reported.
Level NV V
Er C Er C
CAP/SAC-CI Lv3 3.04 1.01 3.01 1.00
Lv4 3.05 1.00 3.01 1.00
Lv5 3.06 0.99 3.02 0.99
Full 3.09 1.00 3.05 1.00
R-matrix (2015)a 2.70 0.89
a Ref. [3], Hartree-Fock target state, cc-pVTZ basis, SEP = 2p1h CI.
6 M. Ehara et al. / Chemical Physics xxx (2016) xxx–xxx4.3. Acrylonitrile
Acrylonitrile has a p-conjugation of a C@C double bond and a
CN group, and should accordingly possess three p⁄ resonance
states. In the ETS experiments, four resonance states were
observed at 0.11, 2.8, 4.2 and 5.2 eV, and these have been assigned
as a0 0(p⁄), a0(p⁄), a0 0(p⁄) and r⁄ (or p-1p⁄2) states, respectively [1]. In
the present CAP/SAC-CI calculations, the three p⁄ resonances will
be characterized. The CAP/SAC-CI NV and V results for these reso-
nances are summarized in Table 6. The in-plane 2A0 state was cal-
culated at 3.17 eV with a width of 0.48 eV, for which the ETS value
was reported as 2.8 eV [1]. Although this state was in a sense a
high-lying state, because it is dominated by the 23rd real SAC-CI
state in A0 symmetry, the stabilization of its g-trajectory was clear
for both its corrected and its uncorrected trajectory.
The first 2A0 0(p⁄) state was found at 0.48 eV, and it shows a nar-
row width of 0.06 eV. This agrees well with the ETS, because this is
the only state for which the vibrational structure of the ETS signal
could be resolved confirming the low width. The observed vibra-
tional envelope itself stretches from 0.11 eV to at least 0.7 eV,
and in contrast to all other experimental values the 0.11 eV
reported for this p⁄ state does not refer to a band center but to a
band origin easily explaining the unusually high overestimation
of almost 0.4 eV. The second 2A0 0(p⁄) resonance state corresponding
to the 4.2 eV signal observed in the ETS was found at 4.29 eV with
the broad width of 0.93 eV. As this resonance is exceedingly broad,
convergence with respect to perturbation selection of the opera-
tors is not smooth for both resonance position and width, but, in
particular so for the width. Also the correction for the width is
large. It is clear that very broad temporary anion resonances with
widths in the order of 1 eV and broader represent a challenge for
the present method, and that HCN and the third resonance of acry-
lonitrile will be interesting benchmark systems for the future.4.4. Fumaronitrile
Fumaronitrile (trans-NCACH@CHACN; c.f. Fig. 1) is one of the
simplest molecules, in which two CN groups interact via a C@CTable 6
Resonance position and width (eV) of the p⁄ resonance states of acrylonitrile calculated by t
used.
CAP/SAC-CI Level 2A0 0
Er C
V
Lv3 0.38 0.06
Lv4 0.39 0.06
Lv5 0.42 0.06
NV
Lv3 0.43 0.06
Lv4 0.44 0.06
Lv5 0.48 0.06
Expt. a 0.11 –
a Ref. [1].
Please cite this article in press as: M. Ehara et al., Chem. Phys. (2016), http://ddouble bond. In this molecule, both in-plane (Ag, Bu) and out-of-
plane (Au, Bg) p⁄ resonances exist: in the ETS, however, one pair
of states was observed as almost degenerate at fairly low energy,
while at higher energy a second pair could be resolved. The results
of the CAP/SAC-CI NV and V calculations in Lv3 accuracy are sum-
marized in Table 7. The corresponding unoccupied MOs related to
the resonance states are shown in Fig. 2. Note that one stable
bound state anion (2Bg state), which results from electron-attach-
ment to an out-of-plane p⁄ MO, exists below the neutral ground
state. Its vertical electron affinity was found to be 1.01 eV (SAC-
CI). The experimental adiabatic electron affinity was reported as
1.21 eV [60]. For this molecule, the g-trajectories for the 2Ag reso-
nance in the NV formalism does not show sufficiently clear stabi-
lization behavior, so we discuss for this state results based on
SAC-CI-V calculations.
Resonance states of 2Ag and 2Bu symmetry were identified at
2.35 and 2.56 eV, respectively. Experimentally, these states were
observed as a single signal at 1.80 eV. These states have similar res-
onance widths of 0.39 and 0.49 eV and the broad signal observed in
ETS can be explained in terms of a combination of the substantial
difference of the resonance positions and vibrational broadening.
Turning to the higher-energy states, the 2Au resonance state was
obtained at the resonance position of 4.11 eV with a width of
0.37 eV, while the 2Bg state was found at 4.16 eV with the large
width of 0.94 eV. These positions are so close, that they will clearly
show up as a single signal in an ETS. In the actual ETS measure-
ments, two higher states at 3.5 and 5.3 eV were found. In the light
of the typical trends of CAP/SAC-CI results for smaller nitriles and
many other molecules, it makes sense to assign the first ETS signal
to the 2Au and 2Bg resonances, while the second signal could be due
to a r⁄ or Feshbach resonance, similar to the acrylonitrile case. We
note that the authors of Ref. [1] pointed out that the ETS feature at
5.3 eV is very weak reminiscent of r⁄ or Feshbach resonances, but
assigned it nevertheless to the 2Bg p⁄ resonance.
From these results, the ETS structure at 1.8 eV is assigned to an
in-plane p⁄ resonance and the feature at 3.5 eV is due to both out-
of-plane p⁄ resonances. These states are lower than those of acry-
lonitrile, for which the corresponding resonances are at 2.8 andhe projected CAP/SAC-CI with a smooth Voronoi potential. Corrected trajectories were
2A0 2A0 0
Er C Er C
3.22 0.63 4.32 0.95
3.17 0.56 4.39 0.41
3.11 0.48 4.17 0.81
3.26 0.64 – –
3.21 0.56 – –
3.17 0.48 4.29 0.93
2.8 – 4.2 –
x.doi.org/10.1016/j.chemphys.2016.09.033
Table 7
Resonance position and width (eV) of the p⁄ resonance states of fumaronitrile calculated by the projected CAP/SAC-CI with a smooth Voronoi potential. In SAC-CI, Lv3 accuracy
was adopted and corrected trajectories were used.
State Expt.a CAP/SAC-CI
NV V
Er C Er C
2Ag 1.8 2.52 0.88 2.35 0.39
2Bu 1.8 2.63 0.49 2.56 0.49
2Au 3.5 4.21 0.36 4.11 0.37
2Bg 5.3b 4.26 0.95 4.16 0.94
a Ref. [1].
b In the text we suggest to assign the 2Bg state to the 3.5 eV feature.
Fig. 2. Schematic MOs for electron-attachment to fumaronitrile, one bound state and four resonances (isovalue = 0.02).
M. Ehara et al. / Chemical Physics xxx (2016) xxx–xxx 74.2 eV and the explanation is simply the extension of p system by
another CN group. The very low structure (A00) predicted at 0.4 eV
in acrylonitrile corresponds to the bound Bg state in fumaronitrile.4.5. Malononitrile
Finally, we applied our method to malononitrile (CH2(CN)2; c.f.
Fig. 1), in which two CN groups interact via a methylene group
(CH2). The symmetry of the p⁄ orbitals is as follows: electron
attachment to the in-plane p⁄ orbitals leads to 2A1 and 2B2 states,
while attachment to the out-of-plane p⁄ orbitals leads to 2A2 and
2B1 (Fig. 3). In the ETS experiments only two features were
observed at 1.50 and 2.55 eV: The 2A1 resonance was attributed
to the first ETS signal, while all three, 2A2, 2B1 and 2B2, were attrib-
uted to the second feature. Results of the CAP/SAC-CI NV and V cal-
culations in Lv3 accuracy are summarized in Table 8. The present
results suggest again different assignments from Ref. [1] as shown
in Table 8; the 2A1 and 2B1 states are found at 2.14 and 2.20 eV,
respectively, and can therefore be assigned to the first signal
observed at 1.50 eV, while the 2A2 and 2B2 states are assigned to
the second position at 2.55 eV. For both pairs of states, 2A1/2B1
and 2A2/2B2, the energy splitting of the respective resonance posi-
tions is very small (0.06–0.07 eV), which would easily explain an
overlapping measurement of these state pairs.Fig. 3. MOs for the electron-attachment reso
Please cite this article in press as: M. Ehara et al., Chem. Phys. (2016), http://dRegarding malononitrile as an example for through-bond inter-
action of p⁄ orbitals, one would compare the out-of-plane and in-
plane, in-phase and out-of-phase combinations, respectively. For
the out-of-plane resonances, the energy splitting between the in-
phase (B1) and out-of-phase (A2) combinations is in our calcula-
tions 0.7 eV; for the in-plane resonances the corresponding value
is 0.9 eV (experimentally the two pairs are not resolved, so both
values are identical: 1.0 eV). Since the splittings are so similar,
malononitrile seems at best an unconvincing example. Note, how-
ever, that this interpretation is very different from the one estab-
lished in the literature [1] due to our reassignment of the ETS.
Last, a brief comment of methodologic issues: again, the difference
between the CAP/SAC-CI NV and V resonance position was around
0.05–0.06 eV, while the differences of the resonance width are very
small as 0.01 eV.5. Summary
We have investigated low-lying p⁄ resonance states of the fol-
lowing nitriles and isonitriles: HCN, HNC, CH3CN, CH3NC, acryloni-
trile, fumaronitrile, and malononitrile using the projected CAP/
SAC-CI method, where the CAP itself was a smooth Voronoi poten-
tial. The cc-pVTZ valence basis set augmented with a [2s5p2d] set
of diffuse functions on C and N is used for all calculations. The cal-
culated resonance positions show an excellent correlation with thenances in malononitile (isovalue = 0.02).
x.doi.org/10.1016/j.chemphys.2016.09.033
Table 8
Resonance position and width (eV) of the p⁄ resonance states of malononitrile calculated by the projected CAP/SAC-CI with a smooth Voronoi potential. In SAC-CI, Lv3 accuracy
was adopted and corrected trajectories were used.
State Expt.a CAP/SAC-CI
NV V
Er C Er C
2A1 1.50 2.14 0.31 2.08 0.30
2B1 2.55b 2.20 0.48 2.14 0.48
2A2 2.55 2.94 0.21 2.88 0.20
2B2 2.55 3.01 0.69 2.96 0.69
a Ref. [1].
b In the text we suggest to assign the 2B1 state to the 1.50 eV feature.
Fig. 4. Correlation between CAP/SAC-CI calculations and ETS measurements.
8 M. Ehara et al. / Chemical Physics xxx (2016) xxx–xxxexperimental ETS values (see Fig. 4) and always overestimate the
resonance position, most probably due to the anticipated devia-
tions expected from vibrational effects. Exactly the same trend
and a similar correlation have been observed before, however,
the numbers as such cannot be directly compared with our earlier
work, because it was based on a different one-particle basis set.
With the triple-f set used here, the correlation shown in Fig. 4
reveals that raw computed results (uncorrected for zero-point
energies, no Franck-Condon analysis, etc.) should give an overesti-
mate of the observed resonance position of about 0.45 eV. How-
ever, the trend equation should be taken with a grain of salt,
because in the first place it is based on a fairly small data set,
and more importantly, on a data set where several states that have
clear energy differences in the computations are assigned to a sin-
gle ETS feature, and are therefore fit to the same value in the
regression analysis. Nevertheless, the trend is sufficiently clear to
support a change of assignments for the ETS of fumaronitrile and
malononitrile.
On the methodological side two variants of the SAC-CI method,
the NV and the approximate V approach were compared for this set
of small molecules and the difference of the resonance position
between these two schemes is usually very small—less than
0.06 eV. The same is true for the resonance width. The effect of
the perturbation selection in approximate SAC-CI calculations
was also systematically examined for these resonance states. The
dependence on the energy threshold is again of little significance,
less than 0.05 eV, though the deviations become larger in the res-
onance width, for example, more than 0.1 eV in the case of acry-
lonitrile. Therefore, the calculations with Lv5 accuracy or beyondPlease cite this article in press as: M. Ehara et al., Chem. Phys. (2016), http://dwould be necessary for getting accurate results for resonance
widths.
The comparison of the results with the previous electron scat-
tering calculations was also encouraging. For HCN, HNC, CH3CN,
and CH3NC, the overall trends of the calculated positions and
widths agree well with that of recent R-matrix calculations, yet,
CAP/SAC-CI and the R-matrix method differ in their predictions
regarding trends between nitriles and isonitriles. An extension of
the experimental data set to isonitriles would be most welcome.
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